Developmental gene regulation in the era of genomics  by Zeitlinger, Julia & Stark, Alexander
Developmental Biology 339 (2010) 230–239
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyReview
Developmental gene regulation in the era of genomics
Julia Zeitlinger a,b,⁎, Alexander Stark c
a Stowers Institute for Medical Research, Kansas City, MO 64110, USA
b University of Kansas Medical Center, Kansas City, KS 66103, USA
c Research Institute of Molecular Pathology (IMP), A-1030 Vienna, Austria⁎ Corresponding author.
E-mail address: jbz@stowers.org (J. Zeitlinger).
0012-1606/$ – see front matter © 2010 Elsevier Inc. A
doi:10.1016/j.ydbio.2009.12.039a b s t r a c ta r t i c l e i n f oArticle history:
Received for publication 24 July 2009
Revised 4 December 2009
Accepted 23 December 2009






RNA Pol II stalling
Polycomb
ChromatinGenetic experiments over the last few decades have identiﬁed many developmental control genes critical for
pattern formation and cell fate speciﬁcation during the development of multicellular organisms. A large
fraction of these genes encode transcription factors and signaling molecules, show highly dynamic
expression patterns during development, and are deeply evolutionarily conserved and deregulated in various
human diseases such as cancer. Because of their importance in development, evolution, and disease, a
fundamental question in biology is how these developmental control genes are regulated in such an
extensive and precise fashion. Using genomics methods, it has become clear that developmental control
genes are a distinct group of genes with special regulatory characteristics. However, a systematic analysis of
these characteristics has not been presented. Here we review how developmental control genes were
discovered, evaluate their genome-wide regulation and gene structure, discuss emerging evidence for their
mode of regulation, and estimate their overall abundance in the genome. Understanding the global regulation
of developmental control genes may provide a new perspective on development in the era genomics.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Around the turn of this century, biology witnessed a tremendous
increase in the development of new technology. Systematic RNAi
screens, microarrays, genome sequencing, and next-generation
sequencing technologies now allow the genome-wide assessment of
sequence conservation, transcript abundance, protein–DNA interac-
tions, and gene function. These advances have shifted many ﬁelds,
such as developmental biology, to adopt genome-wide perspectives.
A marriage with new technology is not new to the ﬁeld of
developmental biology, which examines how a single cell develops
into a complex multicellular organism. Initially restricted to detailed
descriptions and transplantation experiments (e.g., Spemann and
Mangold, 2001), the systematic use of genetics and molecular biology
in the 20th century transformed developmental biology and gave rise
to the ﬁeld of developmental genetics. Through systematic genetic
screens, key developmental control genes were identiﬁed and placed
into molecular pathways. These molecular pathways now form the
basis of our current understanding of cell–cell communication and
pattern formation during development.
A surprising ﬁnding was that pattern formation across the animal
kingdom occurs by similar principles and even similar cellular and
molecular mechanisms. There are relatively few developmental
pathways within an organism, and they are evolutionarily highlyconserved among diverse organisms such as hydra, ﬂies, worms, and
vertebrates (Wolpert, 1994). For this reason, much of our knowledge
about human development and disease today comes from studies of
model organisms, which are experimentally more accessible.
Will genomics technologies, which allow the systematic investi-
gation of biological questions on a genome-wide scale, have an impact
on developmental biology similar to genetics in the 20th century? At
ﬁrst glance, it seems obvious that genomics has information to offer
that is welcomed by developmental biologists. First, genomics
experiments can often quickly generate testable hypotheses on how
to ﬁll in gaps of knowledge in a speciﬁc developmental system.
Second, genomics methods provide an alternative approach to
consolidate or reevaluate some of the principles uncovered by
developmental biology. For example, developmental control genes
and pathways are surprisingly limited in number, and developmental
biologists have often wondered whether the majority of genes are not
relevant for development (Nusslein-Volhard, 1994). With the recent
progress in technology, we can now ask the following questions in a
more systematic fashion: howmany developmental genes are there in
the genome?What distinguishes them from other genes? What is the
role of other genes in development?
At a second glance though, it appears that there is some tension
that arises from the different conceptual approaches utilized in
genomics and developmental genetics. Traditional developmental
genetics focuses on careful molecular analysis on a few relevant genes,
while genomics examines all genes and often sacriﬁces depth for
breadth. Thus, the genome-wide perspective is broader than tradi-
tional developmental genetics, but it also tends to be noisier, more
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mentarity of these approaches, it is therefore important to appreciate
the strengths and weaknesses of each. On one hand, genomics would
not be possible without the strong foundation of detailed knowledge
from developmental genetics. On the other hand, the new technology
in genomics facilitates and accelerates biological insights in an
unprecedented fashion. New insights can then be tested and followed
up by more traditional analyses of speciﬁc examples.
In this review, we discuss how some of the recent progress
in genomics has converged with more traditional approaches to
advance our understanding of developmental biology. We will
revisit the discovery of developmental control genes and discuss
their properties from a genomics perspective with an emphasis on
gene structure and regulation. We then review recent genomics
studies that revealed some surprising properties of developmental
control genes identiﬁed by genetic approaches. Developmental
control genes are not only extensively regulated but also appear to
be transcriptionally regulated by distinct mechanisms since they
preferentially show stalled RNA polymerase II and occupancy by
polycomb-group proteins. These ﬁndings strengthen the idea that
developmental control genes represent a distinct class of genes with
deﬁned properties.
What are developmental control genes?
Developmental control genes are those genes that are critical for
pattern formation and cell fate speciﬁcation during the development
of multicellular organisms and are deﬁned by their speciﬁc mutant
phenotypes in genetic screens (Dickmeis and Muller, 2005). Since the
detection of a genetic phenotype depends on the experimental assay
and the developmental context studied, it has not been possible to
generate a complete list of all developmental control genes in the
genome. It is generally thought, however, that not all genes behave as
developmental control genes. For example, some genes are required
in all cells (‘housekeeping genes’), while other genes have highly
specialized functions and are only required in certain differentiated
cells or only under certain environmental conditions (‘effector
genes’). The loss-of-function phenotype of these two groups can be
cell-lethal, pleiotropic, nonspeciﬁc, or very subtle and therefore has
been difﬁcult to study. Developmental control genes not only have a
deﬁned mutant phenotype, but also, their structure, function, and
identity have been remarkably consistent across various genetic
screens and across various model organisms.
The ﬁrst systematic genetic screen for embryonic phenotypes was
performed in Heidelberg, Germany, in the late 1970s by C. Nüsslein-
Volhard and E. Wieschaus using Drosophila as model system. One
hundred thirty-nine mutations were identiﬁed that caused an
abnormal zygotic cuticle phenotype in the embryo. This result was
revolutionary since genetics had previously been mostly applied to
study the transmission of adult phenotypes and it was not clear
whether mutations would frequently lead to distinct developmental
defects. The impact of this screen on the ﬁeld of developmental
biology began to unfold during the 1980s, and the screen was
awarded the Nobel Prize in 1995.
When the ﬁrst genes were cloned from such genetic screens, it was
surprising how many of them encoded transcription factors and
components of signal transduction pathways. Based on recent gene
annotations, three-quarters of the mutated genes from the Heidelberg
screen have been identiﬁed. More than 42% of them encode site-
speciﬁc transcription factors (FlyBase.org), although this class of
transcription factors only represents 6% of all Drosophila genes
(Adryan and Teichmann, 2006). When only patterning defects are
analyzed, the fraction of transcription factor mutations is even higher:
for example, among the 24 genes involved in segmentation, 75%
encode site-speciﬁc transcription factors, and the remaining ones
encode highly conserved signal transduction molecules. Thesenumbers are intriguing, as the screen merely selected for develop-
mental phenotypes but was unbiased with respect to genes.
The prevalence of transcription factors and signaling molecules in
pattern formation is also observed in vertebrates. For example, among
70 known genes identiﬁed in genetics screens for axis formation and
patterning in the zebraﬁsh embryo, 34% encode transcription factors
and 57% signaling molecules (Schier and Talbot, 2005).
A more systematic way to identify the relationship between genes
and phenotype has become possible with the development of
genome-wide RNAi screens. The ﬁrst screens in Caenorhabditis elegans
have conﬁrmed that the knockdown of different classes of genes tend
to cause different developmental defects (Kamath et al., 2003). While
genes that cause lethality when knocked down are mostly involved in
protein, RNA, and DNA metabolism, genes that cause a speciﬁc
phenotype are enriched for transcription factor and signaling genes.
The distinction is not clear cut, however, since some functional classes
of genes, such as those involved in chromatin regulation and cellular
architecture, are enriched among both lethal and viable phenotypes.
Not all developmental control genes encode transcription factors
and signaling molecules. Speciﬁc developmental defects can be
observed by loss-of-function phenotypes in some cell adhesion
molecules, cell cycle regulators, chromatin regulators, or even
structural molecules and ion channels (FlyBase.org, Schier and Talbot,
2005). Likewise, not all transcription factors are regulated and have
tissue-speciﬁc functions. For example, general transcription factor
genes are thought to be ‘housekeeping’ genes, although some of them
may be expressed in a tissue-speciﬁc fashion and promote cell-type-
speciﬁc terminal differentiation (Deato and Tjian, 2007, see also the
review by Kadonaga in this issue). Furthermore, many developmental
control genes are also required for the function of differentiated cells,
making it hard to distinguish them from ‘effector’ genes. In summary,
it is not straightforward to identify developmental control genes
based on their molecular function, but the prevalence of transcription
factors and signaling molecules among developmental control genes
is signiﬁcant.
The signiﬁcance of developmental control genes
The strong enrichment of transcription factors and signaling
molecules among developmental control genes has led to our current
understanding of the mechanisms by which pattern formation during
development is controlled. Brieﬂy, pattern formation occurs through
the interaction and communication of cells through signals and their
corresponding signal transduction pathways. These signaling path-
ways specify cell fate by inducing a particular combination of
transcription factors. These transcription factors in turn regulate the
expression of further developmental control genes, and eventually
tissue-speciﬁc ‘effector’ genes, which control morphogenesis, differ-
entiation, and other tissue-speciﬁc functions (Busser et al., 2008;
Davidson, 2006).
The importance of transcription factors in development and
differentiation is well illustrated by what are often called master
regulators. These transcription factors are both necessary and
sufﬁcient to initiate speciﬁc developmental programs. Examples
include Hox genes, which can lead to the transformation of speciﬁc
body segments when mutated (Hueber and Lohmann, 2008;
Krumlauf, 1994; Morata, 1993), Pax6, which controls eye develop-
ment (Baker, 2001), and MyoD, which is crucial for muscle formation
(Olson, 1990).
More recent evidence for the dominant role of transcription factors
in cell fate speciﬁcation is the ability of ectopically expressed
transcription factors to reprogram differentiated cells. Most notably,
a variety of cells, including adult human somatic cells, can be
reprogrammed to become pluripotent embryonic stem cells by a
speciﬁc combination of transcription factors (Jaenisch and Young,
2008; Lewitzky and Yamanaka, 2007; Takahashi and Yamanaka,
Fig. 1. Characteristic regulation of developmental control genes in Drosophila embryos.
Genome-scale in situ hybridization of gene transcripts (blue) in Drosophila embryos
show three classes of genes: (A) those that are broadly expressed, (B) those that are not
expressed during development, and (C) those that are expressed in a spatially
restricted fashion (Tomancak et al., 2007). The latter group is highly enriched for
developmental control genes. (D) Genome-scale expression analysis during Drosophila
embryogenesis (red=increased transcript abundance, green=decreased transcript
abundance) shows that developmental control genes are often sharply up- and down-
regulated in a temporal fashion (Hooper et al., 2007).
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cell fate determination even when expressed in an artiﬁcial context.
Since signal transduction pathways and transcription factors work
in a combinatorial manner, they can act in many different biological
contexts during development and can regulate many different gene
expression programs in different organisms. It is because of this
versatility that the systematic genetic screens in Drosophila and
C. elegans have been so relevant to human disease. Virtually all of the
major signaling transduction pathways discovered in model organ-
isms have been found to have homologous pathways in humans, and
many have been shown to play a role in the etiology and metastasis of
cancer (Dreesen and Brivanlou, 2007; Vidal and Cagan, 2006; Yang
and Weinberg, 2008). Targeting these pathways by designing speciﬁc
drugs is a major ongoing effort in the pharmaceutical industry (e.g.,
Arslan et al., 2006).
Extensive regulation of the regulators
A major hallmark of developmental control genes is that they are
highly spatially and temporally regulated. Such dynamic regulation is
expected since the genes have to act locally in order to affect speciﬁc
developmental processes. Regulation occurs at all levels, from the
transcriptional to the post-translational level. For example, many
protein kinases, such as mitogen-activated protein kinases (MAPKs),
are expressed at relative constant levels, but their activity is highly
regulated as indicated by immunostainings with antibodies against
the activated form (Gabay et al., 1997). Other examples include
transcription factors whose activity is regulated by proteolytic
cleavage or localization (e.g., Brivanlou and Darnell, 2002). Since
global studies of gene regulation have so far been largely restricted to
the DNA or RNA level, however, we will focus on those types of
regulatory mechanisms.
Most developmental control genes are highly regulated at the level
of transcription and have speciﬁc and dynamic expression patterns
during development (Fig. 1). Many developmental control genes are
expressed as highly dynamic and characteristic stripes in the early
Drosophila embryo. With the recent availability of genome-wide
datasets on gene expression in Drosophila (Arbeitman et al., 2002;
Chintapalli et al., 2007; Manak et al., 2006; Tomancak et al., 2007), a
more systematic assessment of the relationship between develop-
mental control genes and expression patterns is possible.
A genome-scale in situ hybridization study of spatial expression
patterns for 6003 (44%) genes in the Drosophila embryo was
performed by Tomancak et al. (2007). The results suggest that
genes can be classiﬁed into distinct classes. While 34% of all genes
showed a spatially restricted expression pattern, 46% were expressed
ubiquitously or broadly, and 19% appeared not to be expressed (Fig.
1A–C). The transcription factors from this study were speciﬁcally
enriched among the spatially restricted genes throughout most of
embryonic development and were depleted among the ubiquitously
expressed genes. Likewise, signaling molecules were over-repre-
sented in the restricted gene category. At later stages of development,
however, a restricted expression pattern was also observed for some
specialized tissue-speciﬁc ‘effector’ genes. More broadly expressed
genes, on the other hand, were likely to have general ‘housekeeping’
roles in cellular metabolism.
Gene expression during Drosophila embryogenesis has also been
systematically examined by a time course of microarray expression
analysis (Arbeitman et al., 2002; Hooper et al., 2007). Again, the
relationship between gene expression dynamics and developmental
function was striking. Developmental control genes such as those
encoding transcription factors were particularly enriched among
genes that are sharply up- and down-regulated during early
embryogenesis (Fig. 1D), while genes that increased in expression
during later stages, without subsequent decrease, encodemore tissue-
speciﬁc ‘effector’ genes such as structural constituents of the cuticle.Transcripts that are present early in the embryo through maternal
contribution mostly encode proteins involved in RNA and DNA
metabolism as well as cell cycle (‘housekeeping genes’), although
transcription factors are also overrepresented in this category (Hooper
et al., 2007).
Taken together, these results support the idea that the expression
of developmental control genes is highly regulated in a spatial and
temporal fashion during embryogenesis and that developmental
control genes represent a distinct group of genes.
Size matters—evidence for regulation at the genome level
Gene expression during development is regulated by sequences
around the gene called cis-regulatory modules or enhancers. Each
enhancer is typically around 500 bp long and drives expression of the
target gene in a certain spatial and temporal pattern during
development. The overall expression pattern of a gene is determined
by the sum of its enhancers. Consequently, genes with highly complex
expression patterns are expected to have more enhancers and longer
intergenic regions.
Consistent with this hypothesis, developmental control genes with
highly regulated expression patterns typically have large regulatory
regions with numerous cis-regulatory elements, each directing the
expression of the gene in a different pattern (Fig. 2; Carroll, 2008;
Nelson et al., 2004). Some regulatory regions are so large that classic
genetic screens identiﬁed several distinct regulatory mutations for
individual genes that cause defects in different parts of the body.
Examples include the Hox genes (Hueber and Lohmann, 2008;
Morata, 1993), even-skipped (eve) (Fig. 2A; Lifanov et al., 2003;
Small et al., 1992), and decapentaplegic (dpp) (Fig. 2B; Blackman et al.,
1991; Hepker et al., 1999; Jackson and Hoffmann, 1994; Johnson et al.,
2003; Manak et al., 1994; Schwyter et al., 1995; St Johnston et al.,
1990). In fact, the gene name decapentaplegic refers to mutant alleles
Fig. 2. Example of developmental control genes with large regulatory regions. (A) The even-skipped gene (eve, black) is expressed as seven stripes in the Drosophila embryo. Most
stripes are driven by independent enhancers (shown in different colors), and some stripes even require different enhancers for earlier and later stages. These enhancers cover a large
region around the gene. (B) The decapentaplegic gene (dpp, black) has numerous enhancers that drive reporter gene expression in various patterns in the embryo and in the imaginal
discs (purple, red and green). Mutations in these regulatory regions of dpp have been identiﬁed and classiﬁed into three groups (yellow): those that produce a shortvein phenotype
(Shv), those that are haploinsufﬁcient (Hin), and those that affect imaginal discs (Disc) (St Johnston et al., 1990). Two well-known dpp regulatory mutants are dppblk, which
produces a small eye, and dppho, which produces a heldout wing phenotype. Both the reporter gene analysis and the genetic analysis of regulatory mutants shown here represent
only a fraction of the regulatory information required to express dpp in the appropriate patterns during development.
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structures (decapenta-, ﬁfteen, -plegic, paralysis; Spencer et al., 1982).
An analysis using the most recent gene annotations shows that
developmental control genes cover much larger intergenic regions,
that is, the distance to the two neighboring genes is longer (Fig. 3; see
also Nelson et al., 2004). The majority of genes identiﬁed from the
Heidelberg screen by Nüsslein-Volhard and Wieschaus, as well as
bona ﬁde transcription factors and segmentation genes, have
substantially larger intergenic regions than ‘housekeeping’ genes
such as those involved in protein, DNA, or RNA metabolism (Fig. 3A).
Long intergenic regions are also found for genes from Gene Ontology
categories that contain a high number of developmental control genes
such as “transcription factor activity,” “signal transduction”, or even
“cell adhesion.” In contrast, budding yeast has much smaller
intergenic regions and does not show the same variation in intergenic
length between the same Gene Ontology categories (Fig. 3B, see also
Kristiansson et al., 2009). This is consistent with the fact that budding
yeast is not a multicellular organism and does not require an
extensive list of developmental control genes for patterning and cell
fate speciﬁcation.
Developmental control genes tend to have longer introns in
addition to intergenic regions. This is consistent with the fact that
introns also frequently harbor enhancers. Thus, developmental
control genes do not only have longer intergenic regions, but also,
the transcript itself covers much larger regions. The correlation
between gene region sizes and gene function (e.g., as determined by
Gene Ontology) is so striking thatmost analyses that are inﬂuenced by
gene region size would inevitably enrich for Gene Ontology categories
related to developmental regulation (Stanley et al., 2006).
Recent computational studies using comparative genomics across
the twelve entirely sequenced Drosophila species suggest that the
longer intergenic and intronic regions of developmental control genes
also harbor an increased number of transcription factor binding sites.
Genes with tissue-speciﬁc expression patterns and those involved inmorphogenesis, organogenesis, and neurogenesis have the highest
number of predicted regulatory motif instances, while ubiquitously
expressed genes and those with housekeeping functions have the
fewest, even when corrected for the different lengths (Stark et al.,
2007). Transcription factors appear to be particularly heavily targeted
by other transcription factors; they have twice as many predicted
regulatory sites as the average gene. In addition, both insect and
mammalian developmental regulators are signiﬁcantly associated
with ultraconserved elements, i.e., long, almost perfectly conserved
non-coding regions (Bejerano et al., 2004; Glazov et al., 2005).
The same trend has been observed for 3′UTR lengths, suggesting
extensive regulation of developmental control genes at the post-
transcriptional level. While housekeeping genes tend to have short 3′
UTRs, developmental control genes tend to have long 3′UTRs with
higher densities of microRNA target sites (Stark et al., 2005). In fact,
transcription factors are one of the gene categories most frequently
targeted by microRNAs across animals (Enright et al., 2003; Lewis
et al., 2005; Stark et al., 2005, 2007). This argues that tight post-
transcriptional regulation by microRNAs is an important feature of
developmental control genes. Organisms like yeast that lack micro-
RNAs do not show a signiﬁcant difference of 3′UTR lengths between
different functional gene categories (Stark et al., 2005).
Developmental control genes are ‘poised for transcription’
Recent evidence suggests that the tight transcriptional regulation
of developmental control genes may also be achieved by additional
regulatory mechanisms. Several independent studies probing for
chromatin or transcriptional states across the genome have concluded
that developmental control genes tend to have an open chromatin
structure in their promoter regions and are poised for activation
(Bernstein et al., 2006; Boyer et al., 2006; Guenther et al., 2007;
Heintzman et al., 2009; Lee et al., 2006; Muse et al., 2007; Zeitlinger
et al., 2007).
Fig. 3. Larger intergenic and intron regions at developmental control genes. Box and whisker plot of (A) the intergenic length of each gene, as measured by the distance in bp to the
two neighboring genes, and (B) the total length of all introns in bp of each gene among various functional gene groups. Groups with a high fraction of developmental control genes
(turquoise) have signiﬁcantly longer regions in Drosophila. Shown are the genes identiﬁed by C. Nüsslein-Volhard and E. Wieschaus in their screen for embryonic mutants
(HeidelbergScreen), sequence-speciﬁc transcription factors as deﬁned by Adryan and Teichmann (2006) (FlyTF_strict) and well-known segmentation genes (AP genes) as deﬁned
by text books. Gene ontology categories that are also enriched for developmental control genes include “transcription_factor_activity,” “signal_transduction,” as well as
“cell_adhesion.” Gene ontology categories that represent ‘housekeeping’ genes include “RNA_metabolism,” “protein_metabolism”, and “DNA_metabolism”. In budding yeast, the
difference in intergenic region lengths between different functional groups is much smaller. This is because the yeast genome is more compact and does not include the regulatory
regions required for the development of complex multicellular organisms.
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studies on RNA polymerase II. The traditional view on gene regulation
has been that transcription factors bind to cis-regulatory elements
and activate transcription by recruiting RNA polymerase II (Pol II) to
the core promoter. This model predicts that Pol II is only found at
promoters that are actively transcribed. However, genome-wide ChIP-
chip and ChIP-seq studies of Pol II show that Pol II is present at many
genes—especially those encoding developmental regulators—in the
absence of transcription (Guenther et al., 2007; Muse et al., 2007;
Schones et al., 2008; Wang et al., 2007; Zeitlinger et al., 2007). Thus,
Pol II is recruited to these genes and stalls either as pre-initiation
complex (PIC) (Soutoglou and Talianidis, 2002) or after promoter
melting during the transition to productive elongation. The latter has
been referred to as Pol II pausing or promoter–proximal pausing and
has been well studied for Drosophila hsp70 genes by John Lis and
colleagues (reviewed by Lis, 2007). Since all stalled forms of Pol II are
thought to prepare or facilitate rapid transcription, they are also
referred to as poised Pol II.
Analysis of Pol II enrichment across the genome suggests that
genes generally fall into three categories (Fig. 4; Muse et al., 2007;
Zeitlinger et al., 2007). First, genes may have actively transcribing Pol
II, which can be found uniformly across the entire open reading frame.
Second, they may have the stalled form of Pol II, which accumulates at
the 5′ end near the promoter. Finally, they may show no detectable
Pol II. Interestingly, genes with uniform Pol II enrichment indicative of
active transcription are often expressed broadly and correspond
mostly to genes involved in protein, DNA, and RNAmetabolism. Genes
with stalled Pol II, on the other hand, are highly enriched fordevelopmental control genes whose expression is regulated in a
spatial and temporal fashion (Zeitlinger et al., 2007).
Functional anatomy of open promoters
The genome-wide studies raise the intriguing possibility that
developmental control genes are regulated by mechanisms distinct
from the traditional paradigm of transcription. A central theme
proposed by many investigators has been that Pol II is present at
developmental control genes in a poised form, thereby facilitating
their rapid and tight regulation. The exact mechanisms, however, are
not well understood. For example, it is not clear whether poised Pol II
predominantly corresponds to paused Pol II, PIC, or other forms of Pol
II and whether different regulatory mechanisms regulate the different
forms.
Several lines of evidence indicate that the most common form of
poised Pol II is paused Pol II rather than Pol II found in a PIC. First, the
average peak of Pol II across theDrosophila genome lies approximately
+50 bp downstream of the transcription start site (Fig. 5), at the
expected location of paused Pol II. Second, close to 80% of genes with
stalled Pol II in the genome are bound by Negative Elongation Factor
(NELF) (Lee et al., 2008), a factor known to be associated with Pol II
pausing (Yamaguchi et al., 1999). NELF is found at thousands of sites
across the Drosophila genome, typically immediately downstream of
the transcription start site, similar to paused Pol II (Fig. 5; Lee et al.,
2008; see Peterlin and Price, 2006; Saunders et al., 2006 for further
reading). Finally, permanganate footprints that probe for single-
stranded DNA and therefore indicate open transcription bubbles are
Fig. 4. Three classes of RNA polymerase II proﬁles in the early Drosophila embryo. Similar to the classiﬁcation of genes based on their expression pattern during development, genes
also fall into distinct classes based on their RNA polymerase II proﬁle from ChIP-chip studies (Muse et al., 2007; Zeitlinger et al., 2007). (A) ‘Housekeeping genes’ such as ribosomal
genes mostly show RNA polymerase II across the entire transcript region. (B) Genes that are not expressed during embryogenesis often have no RNA polymerase II enrichment at the
gene. (C) Developmental control genes often have high levels of RNA polymerase II near the transcription start site but not in the transcribed region, indicating stalled RNA
polymerase II (Muse et al., 2007; Zeitlinger et al., 2007).
235J. Zeitlinger, A. Stark / Developmental Biology 339 (2010) 230–239found around +35 bp downstream of the transcription start site at
many genes in the genome (Fig. 5; Lee et al., 2008).
Another important question is how Pol II pausing is established. In
principle, there are two models, which are not necessarily mutually
exclusive. Pol II could initiate and pause by default to be released upon
transcriptional activation, or each of the steps could be independently
regulated. Several lines of evidence support the default model of Pol IIFig. 5.Model of the open promoter structure at developmental control genes. (A) RNA
polymerase II (blue) initiates transcription, leading to phosphorylation at serine 5
(Ser5) of its C-terminal domain (CTD) and resulting in trimethylation of histone H3 on
lysine 4 (H3K4me3). Transcriptional initiation is facilitated by GAGA factor (Gaf, red)
and is associated with a relative depletion of nucleosomes (orange) at the promoter.
When the gene is not transcribed, RNA polymerase II fails to transition to productive
elongation and stalls. Stalled RNA polymerase II is associated with a short transcript and
an open transcription bubble (light green). An important regulator of stalling is
Negative Elongation Factor (NELF, dark green). (B) Position of various components
based on genome-wide data (solid lines) and or single gene data (dotted lines). The
average proﬁle of RNA polymerase II (blue) is from Zeitlinger et al. (2007). The average
position of Gaf-binding sequences (red line) is from Hendrix et al. (2008). The position
of Gaf binding (dotted red line) is from Lee et al. (2008). The average position of
nucleosomes (orange) is from Mavrich et al. (2008). The average position of the open
transcription bubble, as determined by permanganate footprinting (light green line), is
from Mavrich et al. (2008) and Lee et al. (2008). The position of NELF binding (dotted
dark green line) is from Lee et al. (2008).pausing, but they do not exclude more extensive regulation. For
example, NELF is not only found at paused genes but also at genes that
are highly transcribed, suggesting that NELF-mediated pausing could
be an important checkpoint, or an “integral but transient part of the
transcription cycle” (Lee et al., 2008).
The model of default Pol II pausing is also consistent with an
association of Pol II pausing and certain DNA sequence elements
(Hendrix et al., 2008; Lee et al., 2008). Genes with Pol II pausing in
Drosophila are enriched for core promoter elements that are bound
by TFIID, including initiator (Inr) at the transcription start site and the
downstream promoter element (DPE), which is located between+28
and +33 bp downstream of the Inr (see Juven-Gershon et al., 2008,
for a review on core promoter elements). The “pause button” (PB), a
novel CG-rich sequence motif, is also highly enriched at paused genes
around the position of the DPE (Hendrix et al., 2008). Whether or not
the PB and the core promoter elements directly regulate Pol II pausing
remains to be shown. It is interesting, however, that developmental
control genes are generally enriched for Inr and DPE elements
(Engstrom et al., 2007).
In addition to core promoter elements, the GAGA motif is also
enriched at paused genes in Drosophila, found most frequently
around −100 bp relative to the transcription start site (Fig. 5B;
Hendrix et al., 2008; Lee et al., 2008). At Drosophila heat shock genes,
the GAGA motif has been shown to be required for the establishment
of paused Pol II (Lee et al., 1992; Leibovitch et al., 2002; Shopland
et al., 1995; Wang et al., 2005, reviewed in Adkins et al., 2006). It is
recognized by the GAGA factor (Gaf), which is known to bind to many
genes, including many developmental genes (van Steensel et al.,
2003), and is indeed highly enriched at stalled and NELF-associated
genes (Lee et al., 2008). Gaf is thought to promote nucleosome
displacement by recruiting chromatin-remodeling complexes
(Adkins et al., 2006; Tsukiyama et al., 1994), and there is evidence
that Gaf together with TFIID is involved in generating an open
chromatin structure at Drosophila heat shock genes (Leibovitch et al.,
2002; Shopland et al., 1995). Taken together, these results suggest a
global role for Gaf in the maintenance of an open chromatin structure
at promoters and the establishment of Pol II pausing.
A main characteristic of an open promoter structure is a relative
loss of nucleosome occupancy. Studies in yeast have shown that
nucleosomes are disassembled during gene activation (Boeger et al.,
2008; Boeger et al., 2003; Boeger et al., 2004; Henikoff, 2008; Reinke
and Horz, 2003) and that the genome-wide nucleosome occupancy at
promoters inversely correlates with gene activity (Bernstein et al.,
2004; Lee et al., 2004; Pokholok et al., 2005; Yuan et al., 2005). In
human CD4+ T cells, the correlation between nucleosome depletion
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pronounced. Instead, nucleosome depletion at promoters better
correlates with Pol II occupancy (Schones et al., 2008). These results
suggest that developmental control genes that have high levels of
stalled Pol II also show high levels of nucleosome depletion upstream
of the transcriptional start site.
The idea that developmental control genes have an open promoter
structure is also consistent with other genome-wide studies. For
example, the chromatin state at promoters of genes that are regulated
in a tissue-speciﬁc fashion is largely invariant across diverse cell types
in the mouse embryo (Heintzman et al., 2009). While the chromatin
state dynamically changes at tissue-speciﬁc enhancers, the promoter
state remains relatively constant (Heintzman et al., 2009). Promoters
are also the most open sites based on DNAse hypersensitivity (DHS)
mapping in human CD4+ T cells, more so than enhancers (Boyle et al.,
2008). Thus, it appears likely that the dynamic regulation of
developmental control genes during development is in part achieved
by an open promoter structure that is amenable to rapid and precise
regulatory inputs.
Actively transcribed genes in Drosophila and human cells also
display a characteristic positioning and phasing of nucleosomes
downstream of the transcription start sites. The ﬁrst nucleosome
appears to dictate the positioning of further downstream nucleo-
somes since its position is the most consistent across cells (Mavrich et
al., 2008; Schones et al., 2008, Fig. 5). Promoters of genes with stalled
Pol II also exhibit strong nucleosome phasing but the position of the
ﬁrst nucleosome downstream of the transcription start tends to be
shifted relative to that of actively transcribed genes (Mavrich et al.,
2008; Schones et al., 2008). At genes that are stalled in the Drosophila
embryo, the ﬁrst nucleosome is on average +145 bp downstream of
the transcription start site, which is ∼10 bp further downstream than
at genes that are actively transcribed (Mavrich et al., 2008). In human
CD4+ T cells, stalled promoters also have distinct ﬁrst nucleosome
positions. In this case, however, the ﬁrst nucleosome in stalled
promoters is found 30 bp further upstream compared to active
promoters, i.e., +10 bp vs. +40 bp downstream of the transcription
start site (Schones et al., 2008). It remains to be seen whether the
position of the ﬁrst nucleosome inﬂuences pausing or whether Pol II
pausing causes a shift in nucleosomes.
Regulation of developmental control genes by polycomb
Polycomb-group (PcG) proteins have been shown to play an
important role in the maintenance of gene repression during
development. Numerous genome-wide studies have mapped compo-
nents of PcG complexes by ChIP-chip in Drosophila (Bracken et al.,
2006; Kwong et al., 2008; Negre et al., 2006; Oktaba et al., 2008;
Schuettengruber et al., 2009; Schwartz et al., 2006; Tolhuis et al.,
2006), mouse (Boyer et al., 2006; Squazzo et al., 2006), and human
cells (Lee et al., 2006; Squazzo et al., 2006). In all studies, PcG proteins
were found to be predominantly associated with developmental
control genes.
The classic model suggests that PcG proteins, together with the
counteracting trithorax group (trxG) proteins, are part of a cellular
memory system that stably maintains the appropriate expression of
developmental control genes through cell divisions after the inductive
or repressive signals have disappeared (Ringrose and Paro, 2004;
Schwartz and Pirrotta, 2007). This model is based on the regulation of
Hox genes, whose compartmentalized expression is set up during
segmentation in the Drosophila embryo and is maintained by PcG and
trxG proteins throughout development into adult.
While the classic model of PcG function emphasizes stable
maintenance of gene regulatory states, other studies including those
using genome-wide approaches suggest a much broader role for PcG
proteins in developmental gene regulation (Ringrose, 2007; Schwartz
and Pirrotta, 2007). In mouse and human embryonic stem cells, PcGproteins are preferentially found at genes that are likely to be
activated during differentiation (Boyer et al., 2006; Lee et al., 2006). In
Drosophila, PcG proteins often bind to genes that are dynamically
regulated throughout development (Ringrose, 2007; Schwartz and
Pirrotta, 2007; see also Pelegri and Lehmann, 1994 for an example).
Furthermore, PcG proteins bind to some extent in a cell-type-speciﬁc
fashion, suggesting that their function changes during development
(Mohn et al., 2008; Negre et al., 2006; Oktaba et al., 2008; Rinn et al.,
2007; Squazzo et al., 2006).
A more reﬁned model suggests that PcG and trxG genes maintain
genes not only in a repressed and active state but also in a balanced/
poised or mute state (Maurange et al., 2006; Schwartz and Pirrotta,
2008). The poised state is supported by genome-wide data on histone
modiﬁcations in human embryonic stem cells. In these cells, many
developmental control genes have ‘bivalent domains,’ that is, they
have both H3K4 trimethylation and H3K27 trimethylation, which are
active and repressive marks, respectively (Bernstein et al., 2004;
Mikkelsen et al., 2007). H3K4 trimethylation is associated with trxG-
mediated activation and is set right after RNA polymerase II (Pol II)
has initiated transcription. H3K27 trimethylation is associated with
PcG-mediated repression. The authors propose that bivalent domains
silence developmental control genes while keeping them poised for
activation.
While the poised or bivalent state of this model is reminiscent of
the role proposed for stalled Pol II, the relationship between the two is
still under investigation. Both PcG complex recruitment and stalled Pol
II are facilitated by Gaf but the genome-wide Gaf binding sites only
partially overlap with those of PcG proteins (Negre et al., 2006;
Schuettengruber et al., 2009) and with stalled Pol II (Lee et al., 2008).
This is in agreement with the ﬁnding that Gaf regulates genes that are
not regulated by PcG proteins (e.g., hsp70, Tsukiyama et al., 1994). The
number of PcG-bound genes is usually estimated to be smaller than
the number of geneswith stalled Pol II (Guenther et al., 2007; Lee et al.,
2006; Muse et al., 2007; Ringrose, 2007; Zeitlinger et al., 2007). While
one study ﬁnds that PcG proteins inhibit transcriptional initiation
rather than elongation (Dellino et al., 2004), another study suggests
that PcG proteins promote Pol II stalling at bivalent genes in mouse
embryonic stem cells (Stock et al., 2007). Thus, the precise relationship
between PcG function and Pol II stalling remains to be established.
While the exact mechanisms are unclear, genome-wide studies
strongly support the conclusion that developmental control genes are
regulated by special mechanisms. This is consistent with the fact that
their expression is extensively regulated in a precise spatial and
temporal fashion and is critical for development and disease. It will
therefore be important to identify the molecular mechanisms by
which developmental control genes are regulated and to determine
the exact role of chromatin and epigenetic cellular memory during
development.
Developmental control genes in the genomics era
In this review, we revisited the concept of developmental control
genes as deﬁned by developmental genetics and presented ﬁndings
from recent genomic studies that have complemented and advanced
our knowledge of developmental control genes. Our motivation stems
from the observation that developmental control genes demonstrate
unique features in such diverse aspects of gene regulation as Pol II
stalling, nucleosome positioning, chromatin modiﬁcations, and
binding by PcG proteins. Clearly, these characteristics, as well as the
genomic organization of developmental control genes, are tightly
connected to their dynamic and complex regulation during develop-
ment. A combined effort of traditional biochemical and molecular
genetics methods, as well as genomics approaches, will be required to
further elucidate the mechanisms by which this occurs.
An additional beneﬁt of extensive genomics studies is that they
allowus to reevaluate, expand, or better quantify previously established
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strengthened the idea that developmental control genes stand out as a
group of highly regulated genes and can be distinguished from groups
that are not subject to the same degree of regulation. However, are
these characteristics unique enough to reliably identify or even
redeﬁne developmental control genes? While a highly desirable
goal, we found that none of the characteristics are sufﬁcient to deﬁne
a comprehensive set of developmental regulators. We can only make
use of the strong trends and enrichments to get estimates of their
overall abundance.
In Drosophila, there are ∼6% site-speciﬁc transcription factors
(Adryan and Teichmann, 2006) and ∼7% signal transduction genes
(Ashburner et al., 2000). Based on in situ hybridization patterns in the
Drosophila embryo, 34% of genes show spatially restricted expression
(which includes many ‘effector’ genes) and 7% of genes are expressed
in a restricted fashion during theblastodermstageswhere themajority
of pattern formation takes place (Tomancak et al., 2007). Twelve to
twenty percent of all genes have intronic, intergenic or 3′UTR lengths
comparable to the known developmental control genes (Fig. 3 and
unpublished data), 10–12% of genes are estimated to show Pol II
stalling (Muse et al., 2007; Zeitlinger et al., 2007), and 1–5% are bound
byPcGproteins (Ringrose, 2007), although somePcG componentsmay
be found at a much larger fraction of genes (Schuettengruber et al.,
2009). A rough estimate basedon these criteriawould thus predict that
between10% and20%of all genes in theDrosophila genome correspond
to developmental control genes. Since these estimates exceed the
number of developmental control genes previously identiﬁed in
genetic screens, it should be possible to use this information to help
predict the function of uncharacterized genes during development.
Genomics studies have also begun to signiﬁcantly contribute to
other areas of developmental biology. For example, genomics
methods now allow the systematic identiﬁcation and analysis of cis-
regulatory elements and how they control gene expression (Bonn and
Furlong, 2008; Levine, 2008). Together with a systems-level under-
standing of how genes form developmental regulatory networks and
control development (Alon, 2007; Busser et al., 2008; Jaenisch and
Young, 2008), we could enter an era where development can be
intimately linked to genomic information. We might be able to use
genomic information to predict development, trace evolutionary
changes, identify functionally relevant allelic variants, and understand
the cellular and organismic response to environmental factors,
diseases, and drug treatments.
Lewis Wolpert has argued more than a decade ago that the
principles of development are understood, although many crucial
details at the molecular level are missing (Wolpert, 1994). We
anticipate that genomics approaches will not only help ﬁlling in
crucial molecular details but will also provide new perspectives and
surprises to developmental biology. Thus, genomics could become an
integral part of traditional developmental biology and play a role
similar to that of genetics in the last century.
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